Coordination of cell proliferation and differentiation is crucial for tissue formation, repair and regeneration. Some tissues, such as skin and blood, depend on differentiation of a pluripotent stem cell population, whereas others depend on the division of differentiated cells. In development and in the hair follicle, pigmented melanocytes are derived from undifferentiated precursor cells or stem cells. However, differentiated melanocytes may also have proliferative capacity in animals, and the potential for differentiated melanocyte cell division in development and regeneration remains largely unexplored. Here, we use time-lapse imaging of the developing zebrafish to show that while most melanocytes arise from undifferentiated precursor cells, an unexpected subpopulation of differentiated melanocytes arises by cell division. Depletion of the overall melanocyte population triggers a regeneration phase in which differentiated melanocyte division is significantly enhanced, particularly in young differentiated melanocytes. Additionally, we find reduced levels of Mitf activity using an mitfa temperature-sensitive line results in a dramatic increase in differentiated melanocyte cell division. This supports models that in addition to promoting differentiation, Mitf also promotes withdrawal from the cell cycle. We suggest differentiated cell division is relevant to melanoma progression because the human melanoma mutation MITF 4T⌬2B promotes increased and serial differentiated melanocyte division in zebrafish. These results reveal a novel pathway of differentiated melanocyte division in vivo, and that Mitf activity is essential for maintaining cell cycle arrest in differentiated melanocytes.
INTRODUCTION
The coordination of cell proliferation with differentiation is important for both developmental and cancer biology. In some well-studied systems, proliferation and differentiation are mutually exclusive. For example, haematopoietic stem cells give rise to committed progenitor cells that produce mature, highly specialized and terminally differentiated blood cells. This is exploited in differentiation therapy, a successful treatment strategy for acute promyelocytic leukaemia, by promoting cancer cell maturation with the concomitant loss of proliferative capacity (de The and Chen, 2010) . However, the coupling of differentiation to cell cycle arrest can be cell type specific, and some dividing cells can maintain differentiated characteristics, such as pancreatic -cells, horizontal neurons in the retina and specific neural cell types in the spinal cord (Ajioka et al., 2007; Barnabe-Heider et al., 2010; Brennand et al., 2007; Davis and Dyer, 2010; Dor et al., 2004) .
For melanocytes, differentiation involves cell shape changes, the expression of pigmentation enzymes and the generation of melanins to colour the skin, hair and eyes (Kelsh et al., 2009; Levy et al., 2006) . In mouse development, unpigmented melanoblasts first undergo extensive proliferation in the dermis prior to migration into the epidemis, followed by rapid expansion in the epidermis before localizing to the hair follicle (Jordan and Jackson, 2000; Mackenzie et al., 1997; Nishikawa et al., 1991) . At the hair follicle, unpigmented melanocyte stem cells (MSCs) in the bulge region undergo transient amplification to generate pigmenting melanocytes with each hair cycle and so colour the hair shaft (Nishimura et al., 2005; Nishimura et al., 2002) . Differentiation seems to preclude proliferation in these MSCs because DNA damage appears to trigger differentiation and MSC pigmentation resulting in loss of melanocyte renewal (Inomata et al., 2009) . Skin melanocyte numbers also expand following ultraviolet radiation exposure, and in the mouse these cells appear to arise from proliferative undifferentiated melanoblasts (Kawaguchi et al., 2001; van Schanke et al., 2005; Walker et al., 2009 ). In zebrafish, most embryonic melanocytes are directly derived from the neural crest, and adult melanocytes are added to the embryonic melanocyte pattern by an expansive wave of development from undifferentiated melanocyte progenitors or MSCs (Hultman et al., 2009; Parichy, 2003; Yang and Johnson, 2006) . Thus, in developing animals, melanocyte population numbers are achieved primarily by proliferation of unpigmented melanocyte precursor cells and pigmentation is associated with differentiation without evidence of cell division.
In contrast to the observations in development, pigmented primary melanocytes and melanoma cells retain the potential for division in culture (Bennett, 1983; Bennett, 1989; Bennett et al., 1985) . Time-lapse imaging of melanoma cell culture have captured cell division of pigmented melanoma cells in mitosis, and normal diploid pigmented human melanocytes can divide as quickly as unpigmented cells. Numerous pigmented mouse and human melanocyte and melanoma cell lines have been described in culture, supporting the notion that melanocyte differentiation features do not necessarily preclude the potential for cell division.
In humans, a small percentage of melanocytes appear to divide in skin homeostasis (Jimbow et al., 1975) and differentiated melanocytes may contribute to re-pigmentation in wound-healing and vitiligo, although the primary melanocyte reservoir is thought to be from undifferentiated melanocytes (Cui et al., 1991; Falabella, 2009; Falabella and Barona, 2009; Hirobe, 1988; Tanimura et al., 2011) . Many aggressive melanomas, including BRAF V600E melanomas, maintain differentiation characteristics in situ (Broekaert et al., 2010; Ohsie et al., 2008) .
The apparent differences in the described potential for pigmented melanocytes to divide prompted us to revisit the fate of differentiated melanocytes in situ. The zebrafish system permits visualization of differentiating melanocytes in the natural context of the developing whole animal because the embryos are fertilized outside the mother, sustained by a yolk sac and are transparent. Developing zebrafish embryos can be imaged in real-time, allowing for the visualization of melanin and transgenic fluorescent reporters in melanocytes. Continuous imaging of differentiated melanocytes in living animals has not been previously reported. We used live-cell imaging of developing zebrafish embryos to address three questions: (1) does differentiated cell division play a role in zebrafish pigmentation?; (2) what controls cell cycle arrest in differentiated cells?; and (3) is differentiated cell division relevant for melanocyte regeneration or melanoma?
MATERIALS AND METHODS

Time-lapse Imaging of zebrafish
Zebrafish were cared for by standard procedures, as described (Westerfield, 2000) . De-chorionated embryos were immobilized in a solution of 1.2% agarose, onto a six-well black polystyrene borosilicate glass-bottomed plate (IWAKI). Agarose around the head and tail of the embryo was removed to allow for growth of the embryo, and E3 embryo medium was added to each well. Time-lapse imaging took place on the Live Cell Imaging System, comprising a Zeiss Axiovert 200 fluorescence microscope equipped with 20ϫ/1.5 EC plan neofluar, 10ϫ/0.45 and 5ϫ/0.16 plan apochromat objectives (Carl Zeiss, Welwyn, UK), a Lambda LS 300 W Xenon source with liquid light guide and 10-position excitation, and neutral density and emission filterwheels (Sutter Instrument, Novato, CA) containing #86000 Sedat Quad filter set (Chroma Technology, Rockingham, VT). For zebrafish work, the system was equipped with a Solent Scientific incubation chamber with CO 2 enrichment (Solent Scientific, Segensworth, UK). Temperature was monitored by using an EL-USB-1 temperature sensor (Lascar Electronics, Hong Kong). Image capture was performed using MetaMorph software (Molecular Devices, Sunnyvale, CA). Time-lapse was set to capture an image every 20 minutes. Images were captured in bright field at 20 ms exposure and, when required, under FITC fluorescence at 500 ms exposure for Tyrp1-GFP respectively. Z-stacks of images were taken over a 120 m z range with a slice interval of 20 m or 30 m as appropriate, to enable selection of the best plane of focus. For accurate lineage analysis in the tyrp1-GFP embryos, the seven z-stacks with seven 20 m slices were compressed into a z-projection. Cell division events were defined as cells that clearly separated into two cells and migrated away from each other, remaining separated for the time-lapse analysis.
Drug treatment
The nitrofuran BTB05727 (Maybridge; referred to as NFN1 by H.I., K.L.T., Z.Z., S. Johnson, M. Tyers and E.C.P., unpublished) was dissolved in dimethyl sulphoxide (DMSO; Sigma) to make a stock solution of 10 mM and stored at -20°C. Embryos were incubated at 28.5°C in six-well plates with 20 m BTB05727 dissolved in E3 embryo media (Westerfield, 2000) . Upon washout into embryo media, embryos were allowed a 1-hour recovery before being immobilized in agarose for time-lapse microscopy.
Transgenic expression of MITF
The human MITF (wild type and mutant 4T⌬2B) cDNA (Cronin et al., 2009 ) and zebrafish mitfa cDNA were placed under the minimal 836 bp zebrafish mitfa promoter in the Gateway compatible Tol2 vector pT2Kmin-NP or the Gateway Tol2 vector pDestTol2CG2, respectively (J.A.L., unpublished) (Kwan et al., 2007) . DNA constructs were injected into mitfa vc7 (temperature sensitive) (Johnson et al., 2011) or mitfa w2 (nacre) (Lister et al., 1999 ) mutant embryos at approximately the one-to two-cell stage with Tol2 transposase RNA (Kwan et al., 2007) . Each embryo was injected with ~2 nl of mixed plasmid and RNA. The final concentrations of plasmid and RNA were 25 and 35 ng/l, respectively. After injection, the nacre mutant embryos were incubated at 28.5°C, while the mitfa ts mutants were kept at 30-32°C to inhibit activity of endogenous mitfa.
Melanocyte counting
Embryos were dechorionated at 3 dpf, anesthetized in 160 g/ml of tricaine and imaged under the stereomicroscope. After imaging, the embryos were fixed and stored in 4% paraformaldehyde (PFA, sigma) for melanocyte counting.
RESULTS
Time-lapse imaging of direct-developing melanocytes
We sought to establish whether cell division of pigmented cells contributes to the pigmentation pattern of the developing fish. Zebrafish melanocytes pigment the fish in two waves of development. First, during embryogenesis, most melanocytes are derived directly from the neural crest cells (NCCs; directdeveloping melanocytes). During this period, quiescent adult melanocyte stem cells (MSCs) are also established and these cells primarily populate the adult stripe pattern in a second wave at metamorphosis (beginning at 15 dpf; stem-cell derived melanocytes) (Hultman et al., 2009; Parichy, 2003) .
Zebrafish melanocytes first become visible at about 28 hpf with the formation of melanin. To visualize the differentiation of directdeveloping melanocytes by time-lapse imaging, we embedded embryos in an imaging chamber at 28.5°C, and followed the development of melanocytes using pigment as a marker. We imaged the head of developing embryos because we could consistently image the same region in each fish, and because early and late developing melanocytes in the head appear to originate from direct-developing melanocytes (Fig. 1A) (Hultman and Johnson, 2010) . Images were taken every 20 minutes, and individual melanocytes were followed from their first appearance to ~92 hpf in nine embryos, and from 72 hpf to ~116-144 hpf in another 10 embryos. We could clearly detect individual melanocytes emerging de novo in the dorsal head as very lightly pigmented cells that then rapidly darkened ( Fig. 1A ; see Movie 1 in the supplementary material). Cells were initially highly motile and then became mostly stationary by 72 hpf. Melanocytes were continually added to the pattern on the head from ~25 hpf until 96 hpf, although the majority of melanocytes appeared established by 72 hpf, consistent with previous reports (Yang and Johnson, 2006) . Crucially, we also noticed a previously undescribed population of melanocytes arising through division of pigmented cells (Fig.  1A ,B). Cell division events were rare (n8/174; 4.6%), but seen in five of the nine embryos that were followed to ~90 hpf on the head region. In zebrafish, the distribution of melanin within a melanocyte can be altered (Logan et al., 2006) , and thus the ability to analyze each frame in detail to follow each cell through time and position (z-stacks) was an important feature of our approach as it minimized the possibility of mis-scoring the division events. Melanocyte division also occurred outside the head region, as rare melanized cells in the yolk and embryonic body stripes were
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Development 138 (16) RESEARCH ARTICLE Melanocyte cell division A few pigmented melanocytes divide (melanocyte a), becoming rounded before division (to become two cells: a.i, a.ii), which then move away from each other. Scale bar: 100m. (B)High-magnification image of pigmented melanocyte a division during a 1.3 hour interval, with cells outlined (broken yellow lines depict the approximate outline of the cells as analyzed through all z-stacks using enhanced contrast techniques). (C)Quantitative analysis of melanocyte development in individual fish (labelled i-ix) over 1-4 dpf show the majority of melanocytes are derived de novo from unpigmented precursor cells (n166; grey diamonds) and a subpopulation of melanocytes derived from cell division events (n8; yellow diamonds). Division events were charted for ten other fish examples (fish x-xix) from 3 to 5/6 dpf. Only three new melanocytes were identified during this time, two of which were from division events. Thick grey lines indicate length of each individual time-lapse movie for each embryo.
positive for the late-G2-and M-phase cell cycle marker phosphohistone H3 (see Fig. S2 in the supplementary material). These results identify a subpopulation of melanocytes that is added to the zebrafish pattern via division of differentiated melanocytes.
Dividing embryonic melanocytes give rise to pigmented dendritic cells
As part of the differentiation programme, melanocytes express pigmentation enzymes, including tyrosinase related protein (Tyrp) 1 (Braasch et al., 2009; Smyth et al., 2006; Steel et al., 1992) . We analyzed developing melanocytes in the zebrafish j900 line that expresses GFP from the fugu tyrp1 promoter in the neural crestderived melanocytes (Hultman and Johnson, 2010) . Expression of GFP could be seen prior to the first faint appearance of melanin ( Fig. 2A ; see Fig. S3 in the supplementary material). GFP expression was present throughout the cell, but in fully pigmented cells melanin obscured much of the GFP ( Fig. 2A) (Zou et al., 2006) . As in the wild-type zebrafish, rare cell division events were observed, with the GFP expression clearly showing the single cell becoming two cells in a rapid cell division of less than 20 minutes ( Fig. 2A) . The characteristically dendritic cells rounded up just prior to division, then resumed a dendritic shape immediately afterwards. Both mother and daughter melanocytes were always both pigmented, and we did not detect pigmented cells giving rise
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Development 138 (16) to GFP + unpigmented cells. We did not see evidence of dedifferentiation in dividing cell; however, this could be due to the stability of melanin or GFP preventing our ability to visualize dedifferentiation. No obvious differences were detected between the differentiation features, motility or distance to neighbouring melanocytes (data not shown) of the cells that divided and those that did not.
Because melanin obscured many of the intracellular features of the melanocyte during division, we also followed development of melanocytes in the j900 line crossed into an albino fish, which develop melanocytes but do not generate melanin (Hultman and Johnson, 2010) . As with the pigmented fish, we did not detect division events in cells expressing tyrp1-GFP prior to 72 hpf in the head region. GFP expression was present throughout the cell and strongest in the nucleus (Fig. 2B) . During cell division, two clear nuclear signals could be detected followed by rapid separation of the cells (Fig. 2B, 73 .7 hpf and 74.0 hpf). Taken together with the observations described above, we conclude that a subpopulation of differentiated melanocytes have cell division potential in normal development.
Enhanced differentiated cell division during melanocyte regeneration
Having shown that differentiated melanocytes have the potential to divide, we next wanted to establish whether regenerating melanocytes derived from the MSCs also repopulate the embryonic pigment pattern by cell division. Recruitment of the MSC into differentiated melanocytes can be induced in embryogeneis during melanocyte repopulation after chemical or genetic ablation (Hultman et al., 2009; Parichy, 2003; Yang and Johnson, 2006) . Yang and Johnson (Yang and Johnson, 2006) have previously shown that treatment of zebrafish embryos with MoTP, a phenol derivative, will specifically kill differentiated melanocytes and committed melanoblasts expressing tyrosinase (Yang and Johnson, 2006) . After MoTP treatment, zebrafish regenerate melanocytes primarily from undifferentiated precursor cells. Following on from this, we have recently identified a series of nitrofuran compounds that also kill undifferentiated and differentiated melanocytes, depending on treatment dose (H.I., K.L.T., Z.Z., S. Johnson, M. Tyers and E.E.P., unpublished). We challenged the zebrafish embryo with a short nitrofuran treatment to kill melanocytes (~30-50 hpf) and followed the repopulation of the melanocytes using time-lapse imaging ( Fig. 3A,B; see Fig. S4A ,B and Movie 3 in the supplementary material). Melanocyte cell division events were observed in seven of the nine fish imaged (Fig. 3C) . Notably, these differentiated cell division events were more common in repopulating melanocytes (n21/132; 15.9%; Fig. 3C,D We next examined the role of division of differentiated cells in another melanocyte regeneration model. Microphthalmiaassociated transcription factor (Mitf) is highly conserved and essential for melanocyte development in humans, mice and zebrafish; animals with mutations in mitf lack melanocytes or show hypopigmentation. Zebrafish have two Mitf genes (mitfa and mitfb) (Johnson et al., 2011; Lister et al., 2001) , and all neural crest derived melanocytes require the activity of mitfa (Lister et al., 1999) . A mitfa temperature-sensitive mutant line (mitfa vc7 , generating an intron 6 splice site mutation) has recently been described and re-establishment of Mitfa activity by shifting to the permissive temperature at 48 hpf allows for melanocyte regeneration from the presumed MSCs (Johnson et al., 2011) . We grew mitfa vc7 embryos at 32°C from ~4-48 hpf so that melanocytes did not develop in the embryo (Fig. 3E,F) , although the unpigmented MSCs are established (Johnson et al., 2011) . Embryos were then shifted to 23-24°C and imaged ( Fig. 3E,F; see Fig. S4C in the supplementary material). As with the nitrofuran-treated embryos, there was an increased proportion of cell divisions in the regenerating melanocytes compared with direct-developing melanocytes in normal development [n29/243; 11.9%; Fig. 3G,H ; P0.009; 95% CI (0.022, 0.12); binomial test]. Thus, both chemical and genetic approaches to stimulate melanocyte repopulation from unpigmented progenitors or MSCs result in an increase in the proportion of pigmented cell divisions from differentiated melanocytes, suggesting cell division may be a regulated process and used where necessary to achieve completion of the melanocyte pattern.
Regenerating melanocytes are younger when they divide Next, we asked whether the increased number of pigmented cell divisions was associated with a change in the time period from cell differentiation to division. Using time-lapse movies, we measured the time interval from onset of earliest visible pigmentation (or differentiation; TEVD) (Bennett, 1983) to cell separation. During normal development, there was a long latency between the TEVD and cell division, and dividing cells were pigmented for an average of 43 hours before division (Fig. 4) . Analysis of the regenerating melanocytes in the nitrofurantreated embryos and in the mitfa vc7 mutant embryos revealed that the average time of initial pigmentation to cell division was significantly reduced, especially in the mitfa vc7 regenerating melanocytes. In contrast to the direct-developing melanocytes, younger stem-cell derived melanocytes that had only been pigmented for an average of 12 hours were capable of division in the mitfa vc7 mutant embryo (Fig. 4) . In addition, regenerating melanocytes in the nitrofuran-treated embryos were pigmented for an average of 15 hours prior to division, also a significant reduction in the time from pigmentation to division compared with normal development. We suggest that, after melanocyte loss, the rapid division of differentiated melanocytes, in combination with the described expansion and differentiation of unpigmented precursors cells (Yang and Johnson, 2006) , contributes to melanocyte repopulation in zebrafish.
Mitfa hypomorphic melanocytes undergo serial differentiated cell divisions
In melanocytes, Mitf controls both differentiation and cell cycle progression. MITF stimulates expression of differentiation genes (such as TYR encoding tyrosinase) and cell cycle regulators that both stimulate the cell cycle (e.g. CDK2) and inhibit cell cycle progression (e.g. p21) (Levy and Fisher, 2011) . In melanoma, MITF has been proposed to act as a 'rheostat': low levels of Mitf promote stem-like invasiveness, moderate levels stimulate proliferation, and high levels cause differentiation with cell cycle arrest (Hoek and Goding, 2010; Khaled et al., 2010) . Much of this work has been done in cell lines and in cancer cells. The effects of reduced Mitf in differentiated cells has been difficult to study in animals because Mitf first affects melanocyte specification and survival (Hornyak et al., 2001; Lister et al., 1999; Opdecamp et al., 1997) .
We hypothesized that reduced Mitf activity would cause division in differentiated melanocytes. We followed the development of the temperature-sensitive mitfa vc7 embryos by time-lapse imaging from 30 hpf-151 hpf at a low (<24°C), intermediate (25-26.5°C) and high temperature (28.5°C). No melanocytes developed at the high temperature, consistent with the temperature-sensitive nature of the allele (Johnson et al., 2011) . At low temperatures (<24°C), mitfa vc7 mutants develop melanocytes but have somewhat compromised activity (Johnson et al., 2011) . We found melanocytes developed and many of the differentiated melanocytes divided at low permissive temperatures (Fig. 5) . In a few cases, the daughter melanocyte was also capable of additional divisions ( Fig. 5 ; serial cell division). By contrast, at intermediate temperatures, most differentiated cells divided, and, surprisingly, many differentiated cells underwent serial cell division. Serial cell divisions significantly contributed to the pattern of the zebrafish. In one example, 12 differentiated melanocytes were derived from a single differentiated melanocyte (Fig. 5A ). In the same embryo, of the final 39 melanocytes in the head region at 114 hpf, seven melanocytes were directly derived from undifferentiated precursor cells and 32 were from differentiated cells (Fig. 5A ). The differences in differentiated melanocyte divisions were due to alterations in the temperature-sensitive nature of the allele (and not temperature itself) because wild-type fish grown at similar temperatures showed neither the high numbers of differentiated cell divisions, nor successive differentiated cell divisions (data not shown). Similarly, we attribute the increased differentiated melanocyte divisions to altered Mitf activity (and not to an unknown additional mutation) because we see a statistically significant difference between the low and intermediate
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Development 138 (16) temperatures (Fig. 5B,C) . Thus, sustained reduction of Mitf activity in the developing embryo can permit appropriate melanocyte specification, differentiation and survival, but is not sufficient to inhibit cell cycle division in differentiated cells.
One possibility for the differentiated cell divisions in the mitfa vc7 mutants is that the cue for cell division arose from a change in the embryonic environment, rather than from within the melanocyte itself. The mitfa vc7 mutant embryos have fewer melanocytes when grown at the intermediate temperature compared with the lower temperature (Johnson et al., 2011) . Therefore, differentiated cell division in the mitfa vc7 mutants could be an indirect response to a reduction in the melanocyte population rather than a direct response of reduced Mitf activity. To test this idea, we rescued melanocytes in melanocyte-deficient embryos and assessed their cell division potential. Single-cell embryos (mitfa vc7 at 30-32°C) were injected with DNA encoding zebrafish mitfa expressed from the mitfa promoter, and the embryos were grown for 3 dpf (Fig.  6A) . In 31 injected zebrafish, one developed a single melanocyte and seven developed between two and 17 melanocytes (Fig. 6B) . Uninjected control embryos (n50) or embryos injected with a construct with GFP expressed from the mitfa promoter did not develop melanocytes (n43). We imaged seven individual transgenic fish with one to a few melanocytes on the head by timelapse microscopy (30-126 hpf; total 11 melanocytes). All melanocytes were derived from undifferentiated precursor cells, with no evidence of cell division. Taken together, we suggest that the increased melanocyte division in mitf vc7 (>24°C) is due to changes in Mitf activity, rather than to a reduced total number of melanocytes in the embryo.
Human melanoma MITF
4T⌬2B stimulates differentiated cell division MITF somatic mutations are found in human melanoma (Cronin et al., 2009) . Because Mitf mutations in zebrafish could promote differentiated cell division, we asked whether human melanoma MITF mutations have the potential to promote differentiated cell division. First, we established whether human MITF could replace zebrafish mitfa function. As above, nacre (mitfa loss of function) or mitfa vc7 (temperature sensitive grown at the restrictive temperature 30-32°C) were injected at the single-cell stage with a transgene expressing human MITF from the zebrafish mitfa promoter. Differentiated melanocytes were detected in nacre (n22/55; see Fig. S6 in the supplementary material) and mitfa ts injected embryos (n8/89; Fig. 6 ), whereas no melanocytes were seen in the uninjected controls. Thus, human MITF is functional in zebrafish, and can replace loss of mitfa function in neural crest melanocytes. We imaged eight individual transgenic fish with one to a few melanocytes on the head by time-lapse microscopy (30-126 hpf; total 27 melanocytes), and we did not observe the division of differentiated cells.
Second, we addressed the potential for a human melanoma mutation to rescue the melanocytes in the nacre and mitfa vc7 mutant zebrafish. The human melanoma MITF 4T⌬2B mutation is a splice variant that results in the loss of exon 2B (Cronin et al., 2009) . Notably, compared with wild-type human MITF mutations, 4T⌬2B has increased transcriptional activity of the differentiation gene tyrosinase but reduced transcriptional activity of the cell cycle inhibitor p21 (Cronin et al., 2009) . We expressed MITF 4T⌬2B in zebrafish melanocytes from the mitfa promoter, and found that MITF 4T⌬2B rescued zebrafish melanocyte development with a striking enhancement in total numbers of melanocytes (n36/41 in nacre; n35/61 in mitfa vc7 ; Fig. 6 ; see Fig. S6 in the supplementary  material) .
Finally, we imaged ten embryos expressing melanocytes MITF 4T⌬2B by time lapse microscopy (30-126 hpf) in mitfa vc7 mutant zebrafish at 30°C. MITF 4T⌬2B embryos had between one and 22 melanocytes in the head region, and a total of 75 melanocytes were imaged. No melanocytes were seen in mitfa vc7 uninjected controls. In five embryos, melanocytes developed from undifferentiated precursor cells and did not divide. By contrast, in the other five embryos, two showed differentiated cell division and three showed serial differentiated cell division. Remarkably, in one example, a differentiated melanocyte gave rise to 18 differentiated cells. These data indicate that the melanoma mutation MITF 4T⌬2B has the potential to both promote melanocyte cell division and differentiation.
DISCUSSION
Much of the extensive expansion required to populate the skin and hair in development is from undifferentiated melanocyte precursor cells. We were prompted by previous observations, that differentiated melanocytes in culture and in melanoma maintain proliferative capability, to examine closely the potential of differentiated zebrafish melanocytes to divide in situ. We find a subpopulation of differentiated melanocytes has cell division potential during melanocyte development and regeneration in zebrafish, and that Mitf activity is required to maintain cell cycle arrest in differentiated cells. The finding that a human melanoma MITF mutation permits cell division in differentiated cells underscores the importance of MITF anti-proliferative activity in vivo.
High or low levels of MITF activity in cell culture leads to G1 arrest with differentiation or invasion, respectively (Carreira et al., 2005; Carreira et al., 2006; Goodall et al., 2008) . MITF also promotes the cell cycle in melanoma (Carreira et al., 2005; Du et al., 2004; Garraway et al., 2005; Widlund et al., 2002) , and graded changes in MITF activity are thought to switch melanoma cells 3585 RESEARCH ARTICLE Melanocyte cell division Fig. 4 . Time of earliest visible differentiation (pigmentation) to cell division is reduced in regeneration. Time of earliest visible differentiation (TEVD) until cell division was calculated for dividing melanocytes in development and regeneration conditions. During development, the average time of pigmentation to division is 43 hours (n10 cell divisions; the origin and age of the dividing melanocyte in fish xii is unknown and has been excluded from the analysis). In regeneration, either after mitfa vc7 or nitrofuran treatment, cell division occurred in younger melanocytes (12 hours phenotypically from a proliferative to an invasive stem-cell like state or vice versa (the MITF rheostat model) (Hoek and Goding, 2010) . Consistent with this idea, transient silencing of MITF generates invasive cells with stem-like properties that have increased efficiency of tumour initiation (Cheli et al., 2011; Carreira et al., 2006; Goodall et al., 2008; Pinner et al., 2009) .
It is less clear how the rheostat model applies to melanocytes. TGF signalling maintains melanocyte stem cells in the hair follicle in mice, which is associated with low Mitf levels (Nishimura et al., 2010) , and in zebrafish and frogs, loss of Mitf causes altered differentiation characteristics in shape and melanin distribution (Johnson et al., 2011; Kawasaki et al., 2008) . The impact of altered MITF on the cell cycle in differentiated cells in animals has been difficult to study because the first role of MITF is in melanocyte specification and survival (Hornyak et al., 2001; Lister et al., 1999; Opdecamp et al., 1997) . The development of mitfa temperature-sensitive lines in zebrafish (Johnson et al., 2011) is essential in order to address this issue because we can now assess the effects of graded Mitf activity during melanocyte development in vivo, and zebrafish are amenable to sustained live time-lapse imaging.
Our observations in live animals show that, during normal development, Mitf maintains cell cycle arrest in differentiated melanocytes (Figs 5, 6) , and that differentiation is not necessarily terminal (Figs 1-3 ). Although our observations are consistent with the Mitf rheostat model that altered levels of Mitf promote different phenotypic outcomes in melanoma, they differ by suggesting that in some contexts melanocytes can be both differentiated and proliferative. In particular, differentiation and proliferation are frequency uncoupled in regenerating wild-type melanocytes (Fig. 3) . How melanocytes in regeneration regulate differentiated cell division is unknown, but given our results that
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Development 138 (16) Mitf activity is required to maintain cell cycle arrest of differentiated cells in development, Mitf activity may be regulated during regeneration to permit cell division in differentiated cells. Additional factors may be involved, however, because from our initial experiments we do not see an enhancement of differentiated cell division in mitfa vc7 -regenerating melanocytes compared with melanocytes regenerating after nitrofuran treatment (Fig. 3E-H) . For example, Kit signalling may be important in regulation of differentiated cell division (Rawls and Johnson, 2003) . Our initial experiments also suggest a reduced number of melanocytes in the embryo is not sufficient to stimulate cell division in a differentiated cell (Fig. 6A) , although transgenic melanocytes dependent on a fragment of the mitfa promoter may have less potential to respond to environmental stimuli than wild-type melanocytes. In vitro, the potential for both proliferation and differentiation in melanocytes is illustrated by the MITF 4T⌬2B allele that has increased transcriptional activity of differentiation genes coupled with reduced expression of the cell cycle inhibitor p21 in vitro (Cronin et al., 2009 ). In zebrafish, we find that human MITF 4T⌬2B has increased differentiated cell cycle division potential compared with wild-type human MITF in zebrafish (Fig. 6) . We speculate that MITF 4T⌬2B uncoupling of differentiation and cell cycle arrest in development may be relevant to the oncogenesis of MITF 4T⌬2B mutant melanoma. How melanocytes fine-tune Mitf activity in a temporal-and spatial-specific manner is a complex challenge in melanocyte biology (Levy and Fisher, 2011) , and includes coordination of extrinsic signals, transcriptional regulation (Levy et al., 2006) , interactions with related transcription factors (Hemesath et al., 1994) , chromatin modifiers (de la Serna et al., 2006; Keenen et al., 2010; Price et al., 1998; Sato et al., 1997) and direct protein interactions (Bismuth et al., 2005) . Our work illustrates the importance of fine tuning Mitf activity in melanocytes because Mitf activity that is sufficient for specification and differentiation is not sufficient for cell cycle arrest. Unlike in mammals, zebrafish maintain the potential for extensive regeneration in many tissues (O'Reilly-Pol and Johnson, 2009; Poss, 2007) , and it is possible that differentiated melanocyte division is specific to zebrafish. Nonetheless, the molecular machinery that controls melanocyte development is highly conserved (Kelsh et al., 2009) and suggests that our observations in zebrafish may be relevant to stem cell and differentiation-based therapy in melanoma, and in melanocyte regeneration in vitiligo.
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Melanocyte cell division . Total final number of melanocytes in imaged region is indicated.
